The mechanical properties of the lungs in seven patients with chronic obstructive pulmonary disease (COPD) were measured before and during dyspnea on exertion, as well as when relief with added oxygen was obtained. Mean pulmonary dynamic compliance was 0.091 liters/cm of H 2 O before dyspnea, 0.057 during dyspnea, and 0.101 liters/cm H 2 O during relief. During dyspnea there was an increase in the total respiratory work (both elastic and nonelastic work) and this fell during relief with oxygen. Nonelastic resistance and respiratory rate were not significantly different during the three periods. In five similar patients a progressive increase in the instantaneous rate of change of transpulmonary pressure (dP/dt) was observed during exercise and this was markedly increased during dyspnea. These changes in dP/dt during exercise could explain the observed fall of pulmonary dynamic compliance.
INTRODUCTION
Dyspnea on exertion is a major cause of disability in patients with chronic obstructive pulmonary disease (COPD). Although many pulmonary function abnormalities have been recorded in this disease, there is little information (1) concerning the alterations in the mechanics of breathing when the patients are actually dyspneic. The purpose of this communication is to report the changes in the mechanical properties of the lungs in COPD patients walking on a treadmill. Measurements were made before the patient became dyspneic, during dyspnea, and also when relief was obtained by breathing an added oxygen-inspired gas mixture while walking continued.
METHODS
12 men with a clinical diagnosis of COPD (2) took part in the investigation. The average age was 56 yr (Table I) and all were disabled by dyspnea on exertion. None had Received for publication 18 August 1969.
clinical evidence of right heart failure. The preliminary pulmonary function studies consisted of spirometry, carbon monoxide steady-state diffusing capacity at rest, and estimation of mixed venous carbon dioxide tension by a rebreathing technique (Table I ). All patients had marked airway obstruction, the mean forced expiratory volume-1 sec being 33% of the forced vital capacity. The mean maximum voluntary ventilation was 27.6 liters/min. The carbon monoxide-diffusing capacity was lower than predicted normal in all except patients 3, 9, and 11. The mean mixed venous carbon dioxide tension was 57 mm Hg.
Seven patients (Nos. 1-7) took part in the first phase of the investigation. On the first laboratory visit, the patient walked on the treadmill breathing room air until he felt dyspneic, at which point he pressed a switch to ring a bell. The time from the beginning of exercise to this occurrence of dyspnea was recorded as "dyspnea time." During later laboratory visits, treadmill grade and speed were adjusted so that settings could be found when the patient would become dyspneic after about 5 min of walking. On subsequent occasions, even when the patient felt dyspneic, walking was continued and, after a delay of 15-20 sec, conditions for breathing were switched to an approximately 50% oxygen mixture. Although he continued to walk, he soon experienced relief of dyspnea and, at this point, was again instructed to ring the bell. The time from the switching of added oxygen to the time of relief was recorded as "relief time." The whole procedure was repeated several times on different days until consistent "dyspnea times" (within 1 min) and "relief times" (within 30 sec) were obtained. The 15-20 sec' lag period before switching to increased oxygen was provided to simulate the final test when this time would be required for recording the measurements during the actual period of dyspnea.
On the final day of the tests, an ear oximeter (3) was placed on the left ear and changes in arterial oxygen saturation were monitored continuously. Pulse rate was also continuously monitored from the cardiac pulsations which were recorded by means of an alternating current coupling from the output of the infrared channel of the oximeter.
A 15 cm balloon on a polyethylene catheter was placed in the lower one-third of the esophagus. Transpulmonary pressure was measured using a differential pressure transducer volume. Minute ventilation was recorded on a 120 liter gasometer. Measurements qf pulmonary dynamic compliance, nonelastic resistance, respiratory work, respiratory rate, tidal volume, minute ventilation, and pulse rate were made at the following three specific periods: (a) during the 3rd min of exercise (except in patient 4 when the measurements were made during the 2nd min of exercise), (b) when the patient became dyspneic, and (c) when he felt relieved of the dyspnea. Pulmonary dynamic compliance was calculated as the ratio of tidal volume to transpulmonary pressure at the points of zero air flow. Nonelastic resistance was calculated as the ratio of transpulmonary pressure to total respiratory flow between midinspiration and midexpiration. Total work was calculated from the sums of work against the elastic forces on inspiration, plus the work done against the nonelastic forces measured from pressure volume loops.
Five patients (Nos. [8] [9] [10] [11] [12] took part in the second phase of the investigation. Dyspnea was similarly provoked by walking on the treadmill. Transpulmonary pressure was measured by the esophageal balloon method as described previously. A circuit was constructed to differentiate the transpulmonary pressure signal and display the first derivative (dP/dt) of transpulmonary pressure. Loops of dP/dt (on Y axis) against transpulmonary pressure (X axis)
were recorded on an oscillographic recorder. RESULTS Phase 1. The results of measurements of respiratory rate, tidal volume, minute ventilation, arterial oxygen saturation, and pulse rate are shown, with the dyspnea and relief time, in Table II . The mean dyspnea time was 4 min 45 sec, and the mean relief time was 57 sec. There was no significant change in either respiratory rate or tidal volume at the three measurement times although minute ventilation was slightly lower with relief of dyspnea. There was also a slightly lower pulse rate with relief of dyspnea. Oxygen saturation fell by a mean 4.3% during dyspnea.
The results of the measurements of the mechanical properties of the lung are shown in Table III . There was a significant decrease in pulmonary dynamic compliance at the point of dyspnea when compared with measurements during the 3rd min of exercise. With relief from added oxygen, dynamic compliance increased significantly, becoming similar to the predyspneic values. Both total respiratory work and elastic work significantly increased during dyspnea and both variables returned to predyspneic levels following relief with added oxygen. Nonelastic work increased significantly with the onset of dyspnea but did not return to predyspneic levels at the time of relief. There was no significant change in nonelastic resistance at any of the three measurement times.
Patient 1 underwent the test on three occasions during three different admissions to the hospital. Each time, the above pattern of change in the mechanical properties occurred, but the amount of total work at the time of dyspnea varied considerably.
Phase 2. The results of the second phase of the study are shown in Table IV . In patients 8, 9, and 10 there was a gradual and progressive increase in the instantaneous rate of change of transpulmonary pressure (dP/dt), more marked during dyspnea on exertion. There was also a significant decrease in dP/dt with relief with added oxygen in the inspired gas mixture. Patients 11 and 12 immediately become dyspneic on exertion and this was accompanied by a marked increase in dP/dt. It will be noted that in these two patients the resting dP/dt was already increased even at rest. (4) suggested that a By observing the changing pressure-volume loops on neural basis for the translation of increased work into the oscilloscope, it became apparent that one could prethe sensation of distressed breathing is difficult to ex-dict when the patient would become dyspneic. The fall in It was to document this aspect that the transpulmonary pressure signal was differentiated and the instantaneous rate of change or the first derivative of transpulmonary pressure (dP/dt) was recorded. It was noted that dP/dt progressively increased as the dyspnea point was approached. These changes are best demonstrated in loops of dP/dt against transpulmonary pressure (PTP) in patient 8, as shown in Fig. 1 . The loops traverse a counter-clockwise direction and the inspiratory portion is approximately the first 180°of each cycle, with the remainder, during expiration. The magnitude of the transpulmonary pressures (PTP) are almost equal before and during dyspnea but dP/dt becomes markedly increased during and throughout inspiration when dyspnea occurs. The almost unchanged magnitude of expiratory dP/dt is very prominent. After relief of dyspnea, transpulmonary pressures are diminished, and dP/dt becomes markedly less. These changes occurred also in the absence of a significant increase in respiratory rate. Therefore the increase in dP/dt as the patient becomes dyspneic does not appear to be due to either an increase of respiratory rate or an increase in transpulmonary pressure but appears related to a true change in breathing pattern It is suggested that the observed fall in pulmonary dynamic compliance during dyspnea in patients with COPD is related to the breathing pattern, which is characterized by an increase in dP/dt. Therefore, not only are the anatomic abnormalities in these lungs important, but also the manner in which the pulmonary units are being ventilated.
Another possibility is that the changes in pulmonary dynamic compliance might be related to changes in pulmonary artery pressure during exercise. Pulmonary hypertension could have occurred in these patients as a consequence of the relatively severe exercise, the marked rise in pulmonary artery pressure (8) being brought about by a combination of hypoxia and hyperacidemia (9, 10) . Reports in the literature have suggested that increased pulmonary artery pressure could cause pulmonary interstitial edema (11, 12) . If pulmonary interstitial edema did occur, then this might be a contributory factor in the fall of dynamic compliance observed in the present study. The relief with oxygen breathing could be related to the subsequent fall in pulmonary artery pressure. However, this mechanism seems unlikely as dynamic compliance improved within a minute of oxygen breathing and one would expect the resolution of interstitial edema to require a longer period.
The explanation of the relief of dyspnea by oxygen breathing must be speculative. During dyspnea there was a more forceful and rapid inspiratory effort with no significant increase in effective gas exchange. Such forceful respiration probably increases the oxygen demands of the respiratory muscles (13) and in the presence of relatively decreased oxygen availability, could be a factor in the genesis of dyspnea. Giving added oxygen provides for the increased metabolic needs of the respiratory muscles. Another possibility is that the forceful and rapid inspiratory effort during dyspnea is perceived as length-tension inappropriateness. When oxygen is given the respiratory effort is less forceful and this results in possibly more appropriate length-tension relationships and the relief of the sensation of dyspnea.
